A simulation study was used to examine the consequences of karyotypic rearrangements on molecular genetic map construction. Two groups of 50 datasets were created for F 2 populations segregating for a reciprocal translocation of chromosomal segments or a reciprocal translocation and inversion. Multiple attempts were made to construct maps for each dataset using MapMaker/EXP. As expected, the markers from segments involved in the translocation formed one linkage group. Maps that corresponded to the known marker order within a segment could be constructed by the following method. The separation of markers distal to the translocation breakpoints into their respective segments could be made by constructing multiple maps, using distinct orders of marker entry, and observing the variances in intermarker distances: variances between pairs of markers from the same segment were an order of magnitude less compared to pairs where markers were from different segments. The order of markers within a segment could be determined from combining the pairwise linkage results from multiple maps, or from maps including all markers from a segment. No bias in map distances was observed. These results indicate that, under conditions similar to those tested, genetic maps corresponding to the segments conserved in translocations can be constructed.
The study of model plant systems has produced a wealth of information; however, transfer of protocols developed in these systems to other species may be hindered by technical obstacles. Molecular genetic mapping is one example where such challenges are often encountered. Map construction requires a population with detectable DNA sequence polymorphism throughout the genome, such that in many cases wide crosses are used to ensure sufficient polymorphism. These populations may, however, complicate mapping due to karyotypic differences at the structural level. Capsicum (pepper) is one example where species differences at the karyotypic level have affected molecular genetic map construction ( Livingstone et al. 1999) .
Chromosomal rearrangements, such as translocations and inversions, have been implicated as a cause of ambiguities in linkage mapping (Cloutier et al. 1997; Ellis et al. 1992; Liu et al. 1994; Livingstone et al. 1999) . Both pericentric and paracentric inversions give the appearance of suppressed recombination because recombination events within the inverted segment generally result in duplications or deletions, leading to inviable meiotic products. Reciprocal translocations cause statistical associations between loci of the involved chromosomes through constraints on the resolution of the quadrivalent formed at meiosis. Because the association between loci near translocation breakpoints includes physical linkage and statistical association, the term pseudolinkage is often used to describe these relationships. The discovery of karyotype heterozygosity in a mapping population has usually led to the construction of another map from a homozygous population to give linkage information for one configuration (e.g., Liu et al. 1994 ). This option relies, however, on the availability of polymorphism in a karyotypically homozygous population, as well as on additional financial resources.
In the absence of either of these factors, linkage mapping in populations with structural differences becomes a necessity. Mapping in these populations by choice, however, can provide additional information about karyotypic variability within a group if done in conjunction with comparative mapping. While information about the specific associations of the segments in either arrangement is sacrificed in such studies, other knowledge about the differ- Figure 1 . Karyotypes of parents and F 1 of T datasets. Parents 1 and 2 differ by a reciprocal translocation of the C1T-locus3 and C2T-locus13 segments, whose breakpoints in parent 2 are indicated by a pair of arrows. The C1/C2 chromosomes would form a quadrivalent at meiosis I in the F 1 , while the C3 chromosomes formed a bivalent. All intermarker distances are 10 cM. C denotes centromeres ( N ϭ normal, T ϭ translocated), L ϭ locus (omitted in F 1 ).
Figure 2.
Karyotypes of parents and F 1 of TI datasets. Parents 1 and 2 differ by a reciprocal translocation, whose breakpoints in parent 2 are indicated by a pair of arrows, and an inversion of the C2T-locus13 segment. The C1/C2 chromosomes would form a distinct quadrivalent in the F 1 at meiosis I, with the C3 chromosomes forming a bivalent. All intermarker distances are 10 cM. The names for C2T, C2N, locus13, and locus14 are not shown in the F 1 . C denotes centromeres (N ϭ normal, T ϭ translocated), L ϭ locus (omitted in F 1 ).
ences is gained. There are undoubtedly crosses from which valuable information could be extracted if the effects of karyotypic differences on the construction of linkage maps were better understood.
Recognizing the value and/or necessity of studies in populations with karyotypic rearrangements, Reyes-Valdés and Stelly (1995) developed a statistical method to construct linkage maps between cytogenetic landmarks from analyses of meiotic cells. This method avoids the complications of postmeiotic and zygotic stages, but requires cytogenetic markers not available for many species, and the techniques are impractical for high-throughput genotyping. The availability of suitable algorithms might render molecular markers more useful for creating maps in these situations; however, no such studies have been done, even though our understanding of gamete production in translocation and inversion heterozygotes is well developed ( Burnham 1991) . To initiate research in this area, simulated datasets from both simple reciprocal translocation heterozygotes and reciprocal translocation-inversion heterozygotes were generated and then analyzed using standard genetic mapping techniques.
Materials and Methods

Data Generation
A computer program was written in the Perl language (source code available from the corresponding author) using the Math: :Random module ( Brown BW and Venier J, Department of Biomathematics, University of Texas M. D. Anderson Cancer Center, Houston, TX) for random variable generation. This program generated F 2 progeny from self-fertilization of the F 1 from a cross between a theoretical pair of diploid organisms (2N ϭ 2x ϭ 6) with 100 cM ( Haldane) telocentric chromosomes containing markers spaced every 10 cM. The organisms differed by a reciprocal translocation in the first case ( T ) ( Figure 1 ) and an inversion of the translocated segment in a second case ( TI) ( Figure 2) . A total of 50 datasets, each containing 75 individuals, were generated for the T and TI parental configurations. Assumptions used in the modeling included (1) absence of crossover interference, (2) no chromatid interference, (3) no crossovers between sister chromatids, and (4) absence of crossing over within 5 cM of the translocation breakpoint. Assumption (1) was included for computational simplicity, although some evidence suggests there may be negative interference in regions immediately distal to a translocation breakpoint ( Benito et al. 1994; Burnham 1991; Tadmor et al. 1987) . Inclusion of assumption (1) does not invalidate the simulation if false, however, because this would only change the relative distances between the translocation breakpoint and the nearest flanking markers. Assumptions (2) and (3) are generally accepted based on experimental evidence (Griffiths et al. 1993 ). Assumption (4) was included due to apparent physical limitations on pairing near the translocation breakpoints during meiosis (e.g., Alonso-Blanco et al. 1993) .
Genotypes were created for individuals of the T dataset by the following algorithm. For each gamete, a Poisson random variable ( ϭ 2) gave the number of crossovers for the 200 cM of the four chromosomes involved in the translocation (quadrivalent chromosomes), under the assumption that one crossover event is expected per 100 cM in a single meiosis. The total number of crossover events were then placed independently into ''bins'' between markers using a uniform random variable. Similarly, another Poisson random variable ( ϭ 1) gave the number of crossovers between the two chromosomes with no structural differences ( bivalent chromosomes). Two centromeres from the quadrivalent chromosomes and one from the bivalent chromosomes were then picked at random, the crossover events were resolved to obtain the genotypes for all markers on the chromatids, and the resulting gametes were checked for deletions, which were assumed to be lethal. Gametes were generated at random until two viable gametes were obtained, and these were joined to form an F 2 individual. For the TI datasets, the original gametes used in the T datasets were changed to disallow any crossover events within the inverted segment by matching the genotypes for C1-locus3 with locus4, the first marker after the translocation breakpoint. All markers were codominant, and all genotypic information was present and correct (no genotyping errors) for each individual.
Genetic Mapping of Simulated Datasets
MapMaker/EXP version 3.0b ( Lincoln et al. 1993 ) was used to create genetic maps for the datasets. Two distinct strategies were used to test whether MapMaker could generate maps containing all markers given the pseudolinkage present in the data, and whether known map orders were stable using standard mapping criteria. For each dataset, ten mapping runs were performed, generating one map for each linkage group per run. Because of the combinatorial complexity involved in ordering multiple loci (there are n!/2 possible orders of n loci), MapMaker was written using a greedy algorithm to construct genetic maps. For the user, this means the program is sensitive to the input order of the markers. Consequently, the simulation markers were loaded in numerical order for the first run and then in random orders for the next nine runs. For each run, the program was allowed to construct a map for each linkage group based on its own algorithm of ordering loci by starting with an initial triplet of linked markers, where both intermarker distances were less than 30 cM and one order had relative log-likelihood at least 3 greater than the other two orders (⌬LOD Ͼ 3), and then adding loci only when the resulting map had one order with ⌬LOD Ͼ 3 (command ϭ order 3 30 3 3). Each run resulted in one map for the quadrivalent linkage group and one map for the bivalent linkage group. Four datasets (3 T and 1 TI) were also further analyzed by performing 450 runs/dataset using the same procedure. Second, the known orders of markers within a segment were input as blocks and different arrangements of the blocks were compared (command ϭ compare), with the best order tested by computing all possible orders for a three-marker window moved along the linkage group, reporting any permutations with ⌬LOD Ͼ Ϫ3 (command ϭ ripple 3 3).
Summarization of Mapping Results
Another Perl script was written to extract the following summary information for all maps constructed for a dataset, and for all maps constructed across all T or TI datasets: number of times a marker was included in a map, number of markers from each segment included in a map, and pairwise distances between all markers included in a map.
Results
Summary Statistics from Simulated Datasets
All randomized data were tested for conformation to the design variable distributions. The number of crossover events per meiosis, selection of sister chromatids, and number of recombination events for each interval all fit their expected distributions (P Ͼ .05), except for the number of recombination events in the interval between locus12 and locus13 (P ഠ 2 ϫ 10 Ϫ6 ), which had an excess of triple recombinants (observed ϭ 12, expected ϭ 3.4). Given the otherwise overall good fit of the random numbers to their expected distributions, this observed lack of fit was interpreted as a rare chance event. Overall the number of alleles from each parent present in the F 2 was not significantly different from a 1:1 ratio for individual markers across all datasets (P Ͼ .05). A total of 22,549 attempts were needed to obtain 7500 viable gametes, making the probability of success .3326, which is close to the expected success rate of one-third.
Genetic Map Construction
Marker inclusion within linkage group maps. The linkages between the four chromosomal segments of the quadrivalent impaired MapMaker's ability to compose genetic maps incorporating all available markers. Overall the average number of markers included in maps of the T quadrivalent linkage group was only 15.0 (s ϭ 3.1) of 22, covering an average of 144.4 cM (s ϭ 65.3), while the average number of markers included from the bivalent linkage group was 10.7 (s ϭ 0.5) of 11, covering 93.1 cM (s ϭ 9.2). There were significant differences among markers in the number of times a marker was included in a map ( Table 1) . Within the segments of the quadrivalent linkage group, the markers proximal to the translocation breakpoint were included slightly more often. There was a tendency to include markers from the longer segments more often than those from the shorter segments, most likely because there are more markers in the longer segments, and the initial choice of markers influences this outcome. For the quadrivalent linkage groups of the TI datasets, the mean number of markers included was slightly higher ( ϭ 18.1, s ϭ 2.7) than the T datasets. There was a similar trend for marker inclusion, where markers at the breakpoints and from the short inverted segment, which all have the same genotype, were included more often than markers from the longer segments or markers from the other shorter segment (data not shown).
There were significant differences (P Ͻ .0001) among T datasets in the numbers of markers included from the quadrivalent linkage group, indicating that MapMaker was able to construct maps for some datasets more easily than for others. No distinction could be made between datasets for any qualitative measure correlated with this variability; that is, the ease with which a map could be constructed for a dataset could not be determined a priori. Only 9 of 50 T datasets produced maps that incorporated all 22 quadrivalent markers within 10 attempts. A greater number of TI datasets (18 of 50) incorporated all 22 markers of the quadrivalent linkage group at least once. Despite the fact that not all T datasets produced a map including all markers, most datasets (45 of 50) did have at least one map that included all the markers for each of the segments. Two of the T datasets that did not produce either a map including all quadrivalent markers, or separate maps including all markers for each of the segments, were tested further by constructing 450 maps for each dataset. In both cases, maps including all 22 markers were generated, indicating it should be possible to construct maps including all markers for most datasets given enough attempts.
Map order within segments. The markers proximal to the translocation breakpoints ( locus3, locus4, locus13, and locus14) always cosegregated, and in the TI datasets, these were joined by the C1-locus2 markers whenever present. These groups of markers always appeared between segments in the linear order.
If all markers from a segment were not present in a map, markers from other segments intervened infrequently between markers of the same segment. This situation was found in only three of the T datasets during the initial (10 maps/dataset) analysis: in one dataset between locus5 and locus6, and in two other datasets between locus15 and locus16. When three T datasets were further analyzed (450 maps/ dataset), the first dataset produced only one map with a noncontiguous segment (markers between C1 and locus1/locus2), the second dataset produced six maps with noncontiguous locus5-locus10 segments, and the third dataset showed no instances of noncontiguous segment maps. This shows there is a slight chance that the marker order for a segment in any particular map is erroneous. When all markers from a segment were included in a map, however, there was no case where the markers from that segment were not in the correct linear order, or were interrupted by markers from another segment. All maps where all markers were included provided segment maps with loci in the correct orders.
Intermarker distances. In all maps, the computed maximum likelihood distances showed no biases toward either increases or decreases in map length between markers of the same segment.
Arrangements of the segments. When the known orders of loci within segments of the T datasets were fixed, but segments were allowed to change orientation and position relative to each other, none of the T datasets had a best order with ⌬LOD Ͼ 3 compared to alternative orders.
Pairwise linkage relationships between all markers. The summary information across all maps from T or TI datasets showed that the multiple, equivalent map orders of the different segments inflated the variance of the observed intermarker distance between pairs of markers from different segments, compared to pairs of markers from the same segment ( Table 2) . Another factor contributing to this increased variance was the increased distance computed in the maximum likelihood maps between markers from different segments, which could approach extremely high values (Ͼ100 cM). The minimum variance of the map distances between markers from different segments was 915.27 ( between locus9 and locus18), with many values ϾϾ1000 ( Table 2 ). The maximum variance in map distances between markers on the same segment was 122.81 ( between locus5 and locus7), with most values less than 100 ( Table 2) . Similar patterns were seen when the single datasets were subjected to 450 mapping repetitions (data not shown). These variances in observed map distance across multiple maps between pairs of markers in different segments were always approximately one order of magnitude or more greater than the variances observed between marker pairs from the same segment.
Discussion
Genetic mapping in populations derived from karyotypic heterozygotes has been avoided in the past, perhaps due to the fear that the information generated in such studies provided questionable linkage data. Results from this study indicate that under the conditions used for the simulation, the associations among linkage segments or between segments and markers close to the translocation breakpoints remain cryptic, although reliable genetic maps can be constructed over most of the length of the conserved chromosomal segments. Therefore while maps from populations with karyotypic rearrangements may not be useful for generating high-resolution data in the areas close to translocation breakpoints, necessary for chromosome walking or the identification of molecular tags for genes, they can be used for these activities within the segments and for comparative mapping.
The simulated datasets representing populations with translocations produced multiple, equally likely, but radically distinct maps from the same dataset. This behavior was evident both when summarizing linkage relationships across all datasets and in extensive analyses of individual datasets, and is a consequence of attempts to impose an order on the data not reflective of the underlying biology. Only one of the three possible resolutions of meiosis in a translocation heterozygote produces a gamete with a whole chromosomal complement, and this limitation results in gametes with the same genotypes Table 2 . Pairwise linkage summaries averaged across all ten maps for each of the 50 T datasets Data for the loci proximal to the translocation breakpoints, locus3, locus4, locus13, and locus14, are not shown. a The number of times the markers appeared together across all maps and all datasets. b The average distance between the markers when appearing together in a map. c The variance in the inter-marker distance.
for all markers proximal to the breakpoints. Using this simulation as an example, one-half of the viable gametes contain chromosomes with physical linkages between locus3-locus4 and locus13-locus14, while the other half contain chromosomes with physical linkages between locus3-locus14 and locus4-locus13. In both instances, however, the genotypes of all four loci are the same, and statistical tests of linkage would indicate that all four loci are linked on the same physical piece of DNA. Compounding the problem, the four chromosome segments branching out from the translocation breakpoint contain independent series of recombination events/genotypes. Attempts, then, to impose a linear order on all markers from the two chromosomes leads to multiple maps with equal likelihoods because no linear order containing markers from more than two chromosomal segments can or does truly represent the physical associations between the segments. Therefore the linkage relationships between markers in the same segment remain fairly constant across multiple maps for a dataset, but the linkage relationships between markers in different segments vary tremendously. Seeing this behavior in a dataset indicates probable karyotypic differences, which should be confirmed cytologically (cf., Ellis et al. 1992; Hall et al. 1997) .
The described qualities of datasets from populations segregating for rearrangements can be exploited to create maps representative of the marker order within segments in the following manner. First, multiple maps must be constructed for a dataset from independent runs of a mapping program; the 450 maps constructed for an individual dataset seemed to be a sufficient number. Second, a map including all markers must be constructed. This map can either be a computer-generated map of the dataset from one run or a composite map constructed manually using the pairwise linkage information compiled from multiple runs. The segment boundaries can then be identified in the linear order by observing the variances in the pairwise distances between adjacent markers. Our data indicate that segment boundaries will be identified by a marker showing low variance in the pairwise distance with one neighbor and an extremely high variance in the pairwise distance with the other neighbor.
The computing power available from desktop computers makes the construction of multiple maps to observe variances in linkages feasible (the 450 repetitions for tested datasets were completed within 1.5 h each). Consequently we suggest adopting this as a standard operating procedure for genetic mapping in experimental populations. While this practice may be complicated by datasets that are incomplete or show pronounced departure from Mendelian segregation, or perhaps by marker spacing, this method should allow identification of translocations from primary molecular mapping data, while not misidentifying stable, linear maps from regular bivalent-pairing chromosomes.
The portrayal of the relationship between segments in these maps will almost always be arbitrary for datasets with a simple translocation, although some datasets with a translocation and inversion appear to have a best order for segments (data not shown). For segments not involved in an inversion, the map distances estimated between markers within a segment should be reliable. In all cases, however, discretion should be exercised in portraying a linkage group this way by clearly advising the audience of the nature of the map and the potentially problematic areas.
These results can be used with the data from pepper as an example of how maps generated from populations with karyotypic rearrangements can be used in comparative mapping to shed light on differences in genome structure ( Livingstone et al. 1999) . The unreduced intermarker distances seen in the TI dataset maps, combined with the cosegregation of the markers from the inverted segment and translocation breakpoints in these datasets, suggests that a translocation and inversion in pepper could explain the relationship between the maps of tomato chromosomes 1 and 8 and pepper chromosome 1. This specific structural hypothesis, while unconfirmed cytologically, does provide a practical benefit in predicting the behavior of the markers in crosses between Capsicum annuum and C. chinense lines bearing these differences. In addition, these data add to the increasing number of observations that may someday help us to better understand the causes and consequences of karyotypic rearrangements.
